Background and Purpose: Although the pivotal role of high endothelial venules (HEVs) 
INTRODUCTION
T he trafficking of naïve lymphocytes to secondary lymphoid tissues and/or organs is crucial for setting primary immune responses (1) . Specialized post-capillary venules, so-called high endothelial venules (HEVs) are major sites for lymphocyte homing into the secondary lymphoid tissues except spleen. They are usually located in paracortical areas surrounding the B-cell follicles and show a characteristic histological morphology such as cuboidal endothelial cells (2, 3) , thickened apical glycocalyx, and thickened basal lamina (4) . The overall process PERIODICUM BIOLOGORUM UDC 57:61 VOL. 119, No 1, 1-7, 2017 CODEN PDBIAD DOI: 10.18054/pb.v119i1. 4146 ISSN of lymphocyte migration into secondary lymphoid tissues has been well studied. It is now clear that the entering of naïve B and T cells to secondary lymphoid tissues is mediated by a series of adhesion and signaling events consisting of rolling, tethering, activation, arrest, and transendothelial migration (5) . A large of number of adhesion molecules, including selectins, intercellular adhesion molecule 1 (ICAM-1), vascular cell adhesion molecule 1 (VCAM-1), platelet endothelial cell adhesion molecule 1 (PECAM-1), and several integrins and sialomucin families mutually interact at every step of leukocyte migration (6) (7) (8) (9) (10) (11) . During the transendothelial migration of leukocytes, two routes have been implicated: paracellular migration, through a gap between the adjacent endothelial cells, and transcellular migration, via a rift directly through an individual endothelial cell (12) . Although the morphological changes in both leukocytes and endothelial cells have been well established during transendothelial migration, the question as to why leukocytes use two different routes in their migration has still not been elicited. The morphological basis for transendothelial migration of mouse mucosa associated lymphoid tissue-Peyer's patch HEVs has not been studied sufficiently except for a few excellent publications on guinea pigs and gerbils (13, 14) . In the present work, we used transmission electron microscopy to look for ultrastructural features of mouse Peyer's patch HEVs that might elucidate the route of migrating lymphocytes.
MATERIALS AND METHODS
In order to examine lymphocyte migration in Peyer's patch HEVs, eight-week-old male vistar rats (n = 6) were sacrificed by cervical dislocation according to Animal Experimentation Ethics Committee of Ege University. The ilea were quickly removed from rats and fixed overnight with 2.5% glutaraldehyde-2% paraformaldehyde at +4 °C in 0.1 M phosphate buffer (pH 7.4) and washed with 0.1 M sodium cacodylate buffer [Na(CH 3 ) 2 AsO 2 • 3H 2 O] (pH 7.4). Subsequently, tissues were postfixed with 1% osmium tetraoxide (OsO 4 ) in sodium cacodylate buffer at +4 °C for and dehydrated in graded ethanol series. The specimens were embedded in media (Epon 812, Serva) and the resin blocks were sectioned with an ultramicrotome (Reichart, Austria) equipped with glass knife. The thin sections were floated on double distilled water and transferred to copper grids. To stain the sections, uranyl acetate-lead citrate was used and finally sections were examined with a transmission electron microscope (Jeol 100 C, Japan).
RESULTS AND DISCUSSION
HEVs, which are organized microvessels especially for lymphocyte trafficking, are normally found in secondary lymphoid organs such as lymph nodes and Peyer's patches. During the chronically inflamed conditions, some of non-lymphoid tissues also show a vessel organization in a fashion similar to HEV structure (15, 16) . It is a commonly accepted view that transmigration of lymphocyte into organized lymphoid architecture is a multi-staged event mediated by successive cellular interactions between lymphocytes and endothelial cells. Many types of trafficking molecules provide necessary information for these interactions (17, 18) .
HEVs were localized in interfollicular region of Peyer's patches and characterized by a single layer of cuboidal endothelial cells, which are encircled by a regular, continuous, and thickened basal lamina containing pericytes, fibroblastic reticular cells, and extracellular matrix forming a perivascular sheath ( Figure 1 ). Numerous cells, including erythrocytes, neutrophils, and lymphocytes can be seen in the HEV lumen. Each endothelial cell of HEV shows the thin cytoplasm surrounding the spherical and indented nucleus, contains Golgi apparatus, some mitochondria and rough endoplasmic reticulum cisternae 
Electron micrographs of a "high" endothelial cell in the lumen of Peyer's patch HEV which shows an intended nucleus, Golgi stacks and mitochondria (a). The surrounding basal lamina (B) contains pericytes (p) and pericyte-like fibroblsatic reticular cells (r) which embrace endothelial cells. VVOs (white arrows) and caveolae (dark arrows) occupy near the free borders and/or abluminal surfaces of endothelial cells (b,c). Intercellular junctions (white arrowheads) and overlapped membrane processes (black arrowheads) can be seen between two individual endothelial cells (b,c). L: lumen
( Figure 1 ). Overlapped membrane processes and desmosomal junctions were also observed among the endothelial cell borders of HEVs (Figure 1b,c) . (19) . These vesicles create clusters near the lateral borders of endothelial cells and some of them vary in paleness, and they contain electron-dense central discs. Intriguingly, numerous vesicles were interconnected with each other and create a bunch, whereas some of the vesicular structures, which highly resemble caveolae, are separately merged into plasma membrane at only abluminal surface of the endothelial cell, and a thin integument closed them (Figure 2 ). In accordance with the present ultrastructural observations, previous studies have established that the membrane bound vesicles diminish the barrier function of endothelial cells and provide vascular permeability by means of a direct connection between cytoplasm and lumen (20) . Therefore, VVOs and caveolae have been considered as fundamental membrane fusion elements for pore formation during the transcellular migration (21) . On the other hand, the unique structural figures called "lateral border recycling compartment-LBRC" were distinct from VVOs (22, 23) and could function as a cellular storage for some of adhesion molecules including PECAM, CD99 and JAM-A (24) . It has been reported that LBRC is essential for paracellular and transcellular migration of lymphocytes in a microtubule-dependent manner (24) . Our ultrastructural results showed that some vesicular organizations at the borders of resting endothelial cells are structurally similar to LBRCs (Figure 2a,c,d ). These vesicular structures were much smaller than VVOs and close to plasma membrane.
HEV endothelial cells usually contain different sizes of vesicular structures called "vesiculo-vacuolar organelle (VVO)"
However, they disappeared during the engulfment of emigrating lymphocytes, probably due to redirection of them to plasma membrane of active endothelial cell (22, 23) . Because there is no specific marker for determining the LBRC, we are not sure whether these structures are LBRC. Even so, with these results it should be hypothesized that vesicular morphology is altered throughout the transendothelial migration according to their cargo and the activation status of the endothelial cell, thereby vesicular organelles can be potent regulators of migration events. Nevertheless, many important questions regarding the mechanism(s) of vesicular transformation and the purpose of recycling of LBRC have been unanswered at present (25, 26) . Another important membrane dynamics of the lymphocytes and endothelial cells are cytoplasmic extensions: at the luminal surface, endothelial cells show various types of lamellopodium-like cellular protrusions in response to attacks of lymphocytes (Figure 3) . We agree 
VVOs (white arrows) and caveolae (dark arrows) are populated near the abluminal surfaces of endothelial cells (a,b). Note the thin integuments closing luminal faces of caveolae (b,d). Some of the VVOs exhibit electron-dense central discs (white thin arrows) (a-c). However, LBRC-like vesicles are located near the junctional borders of the endothelial cells (red arrows) (a,c,d). E: Endothelial cell, B: Basal layer, L: lumen, p: pericyte. White arrowheads indicate junctional connections between two individual endothelial cells.
with the common view, these cellular projections are essential not only for cellular anchoring but also for extravasation of lymphocytes (27) . Carman et al. (2007) showed lymphocyte invagine to human dermal and lung microvascular endothelial surfaces with podosomes (28). However, our findings have never shown podosomal structures inserting the endothelial cells of HEV. This difference is probably caused by differences in the activation status of endothelial cells between lymphoid tissue HEVs and other microvessels. Besides, numerous endothelial cells possess large finger-like projections progressing to the basal lamina (Figure 3 ).
Transendothelial Migration: Paracellular or Transcellular Routes
The migration of lymphocytes into lymphoid parenchyma includes a series of interactions between emigrating lymphocytes and endothelial cells, which are related with critical morphological and dynamic cellular changes, such as movement of plasma membranes. At this point, it should be noted that the adjacent endothelial cells display desmosomal junctions at their luminal interfaces. As a dynamic manifestation of intercellular junctions, various types and numbers of cellular processes including lamellipodia-and microvillus-like protrusions were ob- served both in emigrating lymphocytes and endothelial cells ( Figure 3,4) (29, 30) .
Figure 3. During the initial phases of transendothelial migration, active endothelial cells exhibit various types of cellular protrusions (asterisks). A luminal lymphocyte (ly 1) connects by a short projection to an endothelial protrusion (red arrow). However, a migrating lymphocyte (ly 2) loses its protrusions when it passes the HEV wall. Black arrows indicate finger-like endothelial extensions into basal layer (B). p: pericyte, white arrowheads represent cellular junctions between two adjacent endothelial cells (inset).

Figure 4. Two phases of paracellular transmigration. During the initial phase a lymphocyte (ly 1) exhibits small processes (red arrows) into a gap between two endothelial cells (waved arrow). Second lymphocyte (ly 2) embraced with an endothelial cell (E) during the subsequent phase of paracellular route (a). Note the cellular contact between endothelial cell and lymphocyte (white arrows) that appear in abluminal side
The engagement of lymphocytes to endothelial cells starts the paracellular or transcellular route and allows them to migrate via inter-endothelial crevices or intraendothelial patterns, respectively. Our electron microscopic observations showed that during the paracellular route, cellular contacts between migrating lymphocytes and endothelial cells coordinately change. In the initial phases of paracellular route, the only downstream surfaces of emigrating lymphocytes show close contacts with endothelial cells, whereas during the subsequent phases of the migratory flow, surfaces of forward movement became uncoupled ( Figure 5 ). This might be related with increased vessel permeability to facilitate the migration. In some conditions, neutrophils might use thinned areas in order to shorten the route (31) .
Towards the end of paracellular migration, endothelial cells embrace the emigrated lymphocytes and push them to basal layer (Figure 4b) . The similar molecular events that orchestrate paracellular migration may also be implicated in transcellular route (32) .
Unlike the paracellular migration, a notable morphological feature of transcellular route is the engulfment of lymphocytes by endothelial cells and subsequent formation of an intra-endothelial pattern ( Figure 6 ) (22) .
It was previously hypothesized that lymphoid podosomes initiate a transcellular channel (33) . However, according to our ultrastructural data, endothelial cells completely embrace the migrating lymphocytes by their luminal protrusions, regarding to activation status of a given endothelial cell. These events occur immediately after the attachment of lymphocyte to endothelial cells and look like the steps of "cell-in-cell" phenomenon (Fig- ure 6) (34). Increased rough endoplasmic reticulum cisternae and well developed Golgi stacks in endothelial cells with deep nuclear grooves in lymphocytes indicate that both endothelial cells and lymphocytes are highly active in the process of transcellular migration as reported previously (27) . Importantly, junctions between intra-endothelial lymphocytes and surrounding endothelial cells were strongly decreased during the subsequent phases of the transcellular migration (Figure 7) . These results are consistent with those of earlier reports (35, 36) and suggest that breakdown of the cellular contacts between intraendothelial lymphocytes and endothelial cells might accelerate the migration flow. At the end of transcellular route, lymphocytes perforate the endothelial cells and closely encountered with pericytes of basal lamina.
CONCLUSION
In conclusion, our ultrastructural observations refer to potential roles of cellular protrusions and vesicular formations as well as contacts in the course of transcellular migration. Although leukocyte extravasation has been studied for more than a century and numerous excellent researches have been manufactured (5) , all of the on/off mechanisms underlying this cellular dynamic still remain highly fascinating and puzzling. For instance, what remains unknown is precisely how to control the attachment/detachment periods that changes at every step of the transmigratory process. We believe that to understand the cellular behavior of the lymphocytes and endothelial cells is very important as well as to determine the molecules involved in the process of leukocyte migration across endothelial cells, and we also believe that further researches will solve this enigmatic puzzle.
